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ABSTRACT 


A microprocessor (8085 A) based multimode firing circuit 
suitable for a high performance PWM inverter - fed induction 
motor drive is proposed. Sinusoidal and optimal PVVM are 
implemented using the firing scheme in the low frequency range, 
while square wave operation is realized in the high frequency 
range. Frequency resolution of better than 0.038 Hz and 
voltage jump of less than 0,5% are achieved. Any voltage to 
frequency law can be implemented by simply changing the look- 
up-table. All functions except digital comparison have been 
implemented in software making the scheme reliable, flexible 
and economical. The availability of CPU time for closed loop 
calculations has been discussed. The harmonic spectrum 
analysis of waveforms has revealed a good agreement between 
the experimental and the simulation results. Finally the 
firing scheme has been tested for the speed torque characteri- 
stic on a single phase induction motor using a transistorised 
power inverter. 
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CHAPTER i 


INTRODUCTION 

1 * 1 INTRODUCTIOIT 

The ac machines were commonly employed, till early 
sixties, for fixed speed applications, since the speed changing 
apparatus was quite elaborate. The dc machines were used for 
variable speed applications, since they provided versatile 
speed torque characteristics. But dc machines are costlier, 
need regular maintainance due' to the presence of brush and 
commutators, and are unsuitable for dusty and explosive 
environments. It has been found that major portion of electricity 
generated is consumed by electrical machines. The dc machines 
consume less than 10^ of this energy, and the rest of the 
energy is consumed by ac machines. If ac variable sp^^ed drives 
were judiciously used, a substantial amount of energy can be 
saved. 

All these factors motivated research in variable speed 
ac drives. Many schemes have been developed for the speed 
control of ac machines, of all such schemes, the inverter with 
frequency control provided versatile characteristics. But the 
cost of the controller of an ac drive is considerably higher 
and the control is far more complex than for a dc drive. With 
rapid developments in power semiconductor devices, cheaper 
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and better devices are being made available. Two such devices 
are power transistors and MOSFETS, These are fast switching 
devices and have simpler commutation processes. The costs of 
these devices are declining gradually. Along with power devices, 
the control circuitry also is being simplified because of the 
availability of LSI chips, and microcomputer systems. These 
will help implement very complicated control systems. All these 
developments have helped in reducing the costs of ac drives, 
and improve their performance. 

Keeping in view these developments, the study of pulse 
width modulated (PWM) inverter fed induction motor drive was 
taken up. It is a variable frequency drive, with voltage, 
frequency and harmonics being controlled by switching technique 
within the inverter itself. This makes the firing circuit of 
the inverter quite complex. A mocrocomputer is used to generate 
the firing pulses, A single phase power transistor inverter 
was fabricated and tested on a single phase induction motor. 

Also a detailed spectrum analysis of waveform was done and 
compared with the experimental results. 

1.2 ORGANIZATION OF THESIS 

Chapter 2 contains a brief literature survey on PWM 
systems, different kinds of modulation techniques and their 
implementation on microcomputers. A complete PWM inverter drive 
scheme is also proposed. 
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Chapter 3 deals with the details of the firing circuit 
showing hardware and software requirements. The salient 
features of the circuit are discussed and the CPU time avail- 
ability for closed loop calculations is studied. 

The digital simulation of PWM waveforms along with the 
analysis is presented in chapter 4. The simulated results of 
the harmonic contents of PVVM waveforms have been presented. 
Waveforms expected from both single-phase and three phase 
inverters have been considered in the study of harmonic analysis. 

Chapter 5 gives the details of the snubber and driving 
circuit for a power transistor. The sp'^'ad torque characteristics 
of a single-phase inverter driven induction motor are obtained. 
Also the experimental results relating to the turn off process 
of power transistor are presented. The comparison of experi- 
mental results with the simulated ones has been given. Also 
some oscillograms and harmonic spectra have been presented. 



CHAPTER 2 


LITERATURE SURVEY 

2.1 INTRODUCTION 

One way of changing the speed of an induction motor is 
by varying the frequency of the supply to the motor. The 
synchronous speed of the motor of P poles supplied with a 
voltage of frequency f is given by 


•"s = 


120f 

P 


( 2 . 1 ) 


But while changing the frequency the flux density should 
be maintained at an optimum level so as to obtain maximum torque 
A higher flux density will result in saturation of the core and 
increased losses while a lower flux density will reduce the 
torque output of the motor. The air-gap flux per pole 0 , can 
be shown as» 


( 2 . 2 ) 


Where V is the applied voltage at a frequency f, and K is 
the proportionality constant which depends upon the design 
parameters of the motor. 


The expression (2.2) shows that in order to maintain 0 
constant, the ratio V/f should be kept constant. In practice 
the ratio, V/f is maintained constant up to the base frequency 
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at which the voltage reaches the rated value. Thus a constant 
torque is developed upto the base frequency. Further increase 
in the frequency is done at constant voltage, resulting in 
constant power drive. At very low frequencies, the stator 
resistance dominates the reactance, hence the voltage in this 
region is given a boost, to maintain the flux at the same level 
( f ig . 2. 1 ) . 

Two well known variable frequency induction motor drives 

are, 

1. Voltage source inverter (VSI) drive 

2. Current source inverter (CSI) drive. 

The available ac mains is converted to dc and then 
inverted to variable frequency ac using either a VSI or a CSI. 

A large inductor is introduced in the dc link for a CSI. The 
current in a Csl or voltage to a VSI are controlled using a 
controlled rectifier. If a PWM (VSI) inverter is used, the 
voltage control is achieved by switchir^ techniques within the 
inverter, and the dc link voltage is held constant as shown 
in fig. 2.2, 

The square wave output contains a large number of 
harmonics. These harmonics have two unwanted effects on the 
operation of a motor. First, heating due to harmonics, and 
second torque pulsations at the motor shaft. Therefore it is 
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desirable that harmonic content of the waveform be minimum. 

By employing modulation techniques, it is possible to control 
the harmonics in the output of PWM inverter. Thus a PWM 
inverter not only controls frequency and voltage, but also the 
harmonic contents of the output waveform. In addition to this, 
a PWM inverter drive- system offers some more advantages which 
are listed below. 

1. The use of an uncontrolled rectifier in the front end 
reduces line voltage distortions and improves power factor. 

It requires a smaller filter and increases reliability of the 
system. With the constant dc link voltage more than one 
inverter can be independantly operated on the same dc bus, thus 
reducing costs. In a thyristor inverter through out the range 
of frequency, commutation is reliable. 

2. Reduction in harmonics reduces torque pulsations, thus 
increasing the control range, practically from stand still with 
full torque capability. 

3. A PWM inverter fed low inertia squirrel cage induction 
motor provides fast dynamic response. 

4. . If the DC link is capable of absorbing current (using 
other loads) then the regioneration can be easily incorporated 
in the drive thereby making it more versatile. 
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The disadvantage of a PWM inverter is that it’s 
efficiency is lower, because of large number of switchings. 

A trade off between inverter losses and motor losses exists, 
which should be carefully decided in different ranges of 
frequencies . 

2.2 PWM TECHNIQUES 

There are different kinds of PWM techniques namely 
sinusoidal PWM, optimal PWM, harmonic elimination technique etc. 
Best possible performance can be obtained by choosing different 
techniques in different frequency ranges, A brief study of 
the above techniques is presented in the following section. 

2.2.1 Sinusoidal Pulse Width Modulation 

a) Natural sampled PWM : 

If a triangular wave (called carrier f ) is compared 
with a sine wave of reference frtjquency (f), then thy resulting 
switched waveform is called sinusoidal PWM (SPWM) as shown in 
Fig. 2,3. This type of modulation is best suited for analog 
techniques, since the two frequencies are directly compared 
using comparators. But for microprocessor implem<;ntation, in 
which usually the pulse width is calculated by solving the 
modulation equation, this is unsuitable. The reason being, 
the natural PWM gives rise to a transcenderrtai. equ<ation 
which is difficult to solve on pp's. From fig. 2.4, we get, 



n9 2.8 REGULAR PWM 



Fig 2.6 
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^2 ■” ~ ^ Wt2)] (2.3) 

To avoid this difficulty a regular PWM technique has 
bc’en proposed [ij, which is discussed below. 

b) Regular sampled PWM : 

In this technique the instantaneous sine value at the 
begining of carrier is sampled and held constant throughout the 
carrier. This generates a pulse width which is symmetrical 
within the carrier and its equation simplifies to (fig 2.6) 

T 

t^ = -^ [ 1 + M sin (wt*)] (2.4) 

This technique is suitable for microcomputer implementa- 
tion because equation (2.4) can be easily solved and requires 
one multiplication between M and sine sample. The value of T^ 
is chosen to be multiple of 2, so that it’s multiplication 
reduces to a simple shift operation. Also instead of 
generating a sine wave, a sine table is stored in the memory 
and the samples are taken at regular intervals, depending upon 
the required frequency. 

In SPWM, the choice of ratio f /f is important. A 

c 

highest possible ratio is usually preferred, so that the 
spectrum of harmonics is shifted to higher values. Then the 
motor leakage inductance provides the filtering effect for 
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these harmonics. There are two distinct possibilities, the 
frequency ratio can be either fixed (Synchronous operation) or 
variable (asynchronous operation). 

I ) Synchronous SPViM : 

In this method the carrier frequency is synchronously 
varied with reference frequency, and both are kept in phase. 

The ratio is usually chosen to be multiples of 3 so that in 
3 phase waveforms, the multiples of third harmonic get cancelled. 
The actual value of f depends upon the switching speeds of 
devicus used in the inverter. 

II) Asynchronous operation s 

Here the carrier is always hold constant and the 
reference frequency is varied, so that the ratio increases as 
the reference frequency decreases. If this ratio is high then 
-the frequencies need not be synchronised. The spectrum consists 
of harmonics which are multiples of f . Asynchronous SPIVM is 
used for very low frequencies when motor speeds are low. In 
asynchronous operation the first highest harmonic frequency is 
f irrespective of the value of the reference frequency. 

2.2.2 Optimal PViM 

In optimal PWM additional switchings are introduced. 

This is illustrated in fig, 2.7 where m switching are introduced 




Fig 2.8 M = 2 
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between 0 and ti/ 2. The angles a^, 0 . 2 * ... otjjj are determined, 
such that one constraint is used and some performance index 
is optimised. Usually one of the switchings is used to control 
the amplitude of the fundamental, while the rest of the 
switchings are used to minimize either harmonic currents, or 
torque pulsations, or any other performance quantity of interest. 
For a square wave the peak magnitude of the fundamental is, 

4 

V. = — p-^r unit dc voltage 

TC 

can be varied from zero to The variation of M. 
for optimizing rms harmonic current with RL load and for m=2 is 
shown in fig 2.8 [ 5 ]. 

The value of m for which the optimization is done is 
usually limited to 4 or 5 since with ^ach additional switching 
the optimization process b«'-comes quite involved. For micro- 
processor implementation, these values are stored in 3 look 
up table . 

2.2.3 Harmonic Elimination 

The harmonic elimination technique is simillar to the 
optimal PWM. In this method, a band of harmonics of lower 
order are eliminated completely instead of optimizing [ 2 ] . 

Here too, one switching is used to control the amplitude of 
the fundamental. 
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2 . 3 COMPARISON 

For a given harmonic content in the PWM waveform, 
optimal PWM gives the least number of switchings, per cycle. 

But the optimization becomes very complicated with switchings 
more than 4 to 5 per quarter cycle. Therefore whenever the 
harmonic content is to be better than that offered by the 
optimal PWM, the SPVvM is adopted. The optimal PWM is usually 
preferred over harmonic elimination technique because of lesser 
harmonic contents for a given number of switchings. 

2 . 4 PROPOSED SCHEME 

It is proposed to develop a versatile microprocessor 
(8085 a) based firing cii'cuit with which the different PWM 
techniques discussed earlier can be impli.^mented. The different 
PWM modes of operation and their frequency ranges which the 
firing scheme is capable of providing arv shown in fig. 2.9. 

This multimode scheme was first proposed by B.K. Bose and 
H.A Sutherland [6], 

In the low frequency range, the spe<^^d of the induction 
motor is low, and the cooling becomes quite ineffective. The 
use of SPWM, up to 20 Hz, which provides waveform with very 
low harmonic content, prevents the heating of the motor due to 
harmonic currents. So as to derive maximum advantage of SPWM, 
highest possible carrier frequency is chosen. The walue of this 
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Carrier frequency is then decided by the switching capabilities 
of the inverter. With the presently available thyristors, the 
operating frequencies are low. Power transistors are capable 
of operating at frequencies in excess of 6 KHz but the switching 
losses are directly related to frequency and these can become 
excessive at much lower frequencies than 6 KHz [17]. A carrier 
frequency around 2 KHz has been found suitable. Here the 
carrier was chosen to be 1920 Hz. In synchronous SPWA, the 
carrier varies along with the output frequency. This variation 
is from 960 Hz to 1920 Hz. In mode 1 frequency ratio is 192, 
hence 192 samples of sine wave are stored. In mode 2, the ratio 
is reduced to 96, and only the alternate samples are used. In 
asynchronous SPVvM, frequency ratio, which is variable, exceeds 
192. Due to limited number of samples, more than one carrier 
is generated per sample. 

Beyond 20 Hz, optimal P'wM is used. The number of 
switchings are greatly reduced reducing the switching losses. 

The harmonic content deteriorates to some extent. As the 
fundamental frequency is higher, and the cooling is also better, 
the effects of harmonic become less severe. The optimal PWM at 
50 Hz becomes a square wave. At this point, the motor gets 
rated voltage, which is maintained constant beyond 50 Hz. A 
square wave operation gives the benefit of maximum utiJ,ization 
of DC link voltage. 
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2.5 CLOSED LOOP CONTROL 

A block diagram of a controlled slip drive is given 
in fig. 2,10. A speed loop has been incorporated. The 
difference in reference speed and the actual speed fed to the 
speed regulator. The error, which represents the slip, is 
limited to the a value below pull out torque. The output of 
speed regulator is added to the actual speed of motor. The 
resulting sum determines the operating frequency of the inverter 
The frequency command also generates the voltage command to the 
inverter. 

An optical tachomet.='r can be used as a speed transducer. 
The output of an optical tachometer being in the form of pulses, 
can be fed to a counter for a known duration. The speed then 
can be read from the counter. An optical tachometer has been 
fabricated for this purpose in the laboratory (s.:e appendix D). 

It gives 1440 pulses per rpm. 

The other functions of closed loop can be easily 
implemented in the software itself, employing sampled data 
control system. 
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CHAPTER 3 


FIRING CIRCUIT IMPLEMENTATION 
3.1 INTRODUCTION 

Before the availability of microprocessors, some attempts 
were made to implement the PWM control circuits using analog 
components. Now because of the distinct advantages of a micro- 
processor, there is a total shift towards implementing these 

♦ 

schemes on microprocessor based system. It offers improved 
reliability, flexibility, multiple control functions etc. 
Therefore only the study of |aP based system is taken up here. 

Generally in sinusoidal PVv'M (SPWM) the pulses are 
generated by on line computation based on regular SPWM. Vt/hereas 
in optimal PWM look up table method is used. Irrespective of 
the type of modulation, the generation of pulse width can be 
done in two distinct ways. In one method [6,7] there is one 
counter per phase, and the delays for that particular phase are 
generated using respective counters. Each counter generates 
an interrupt. In the other method [8], only one counter is used, 
and the status of each phase is represented by one bit at the 
output port. The time delays for which the status of all three 
phases are constant, are generated by the single counter. The 
delays can either be calculated or stored in a table. 
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B.K, Bose and H ,A, Sutherlsuad [6] proposed a multimode 
system in which different modes are implemented for different 
ranges of frequency. For the range of frequency 0,5 Hz to 20 Hz 
SPVi(M hes been used. Between 20 Hz to 50 Hz optimal PWM is used. 
Beyond 50 Hz square wave is generated. The multimode system 
utilizes the advantages of a particular strategy in the given 
freq range. Apart from this multimode feature, this scheme, 
which uses a powerful 16 bit CPU (8086), incorporates complex 
software, giving better frequency resolution. 

Some Japanese engineers [10] have gone in for a dedicated 
LSI chip for PWM generation and other control features, which 
along with a single chip microcomputer makes a complete system 
including closed loop control. It has some limitations such as 
small carrier to output freq. ratio, only SPVV’M control. This 
is best suited for thyristor inverters. 

Other techniques like DMA control, Bang-Bang control, 
sine wave approximation etc have been tried. Both 8 bit and 
16 bit CPU’s have been employed. It has been reported that 
usually a eight bit CPU is too slow [7] especially for regular 
SPW’M, where multiplication is involved. Hence for increased 
carrier frequencies, one has to go in for hardware multipliers, 
which increases the costs by many folds. With the use of 16 bit 
CPU's like 8086, the availability of multiply and divide 



21 


instructions makes the job easier. But since an eight bit 
manipulation is found satisfactory, pp's like 8088, with 8 bit 
external data line and 16 bit architecture, could be more suited 
for such applications. Because of powerful CPU's 16 bit 
processors, apart from PWM generation, can do a variety of other 
functions such as, closed loop control, health monitoring, 
diagnosis and protection etc, 

3.1.1 Present Scheme 

It was found that the schemes so far implemented, do not 
mention about the CPU time available for closed loop calculations, 
after it has attended to the generation of firing pulses. 
Therefore a need was felt to relieve of the CPU for closed loop 
calculations, so that a complete system with single CPU would 
be possible. For economic reasons an 8 bit (8085A) processor 
was choosen. 

The carrier frequency around 2 KHz makes this firing 
circuit suitable for a power transistor inverter. But at this 
frequency, the carrier period is around 500 p, sec. In SPWM, one 
multiplication per phase per carrier cycle is needed. Thus for 
a 3 ph output, multiplication time itself comes out to be 400 
p. sec (approx 130 p sec/multiplication with 3 MHz clock). 

Secondly, for a scheme with 1 counter per phase there are 5 
interrupts per carrier cycle. Just the PUSH and POP operations 
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of register pairs waste more than 150 p sec. But by rewriting 
a more efficient multiplication algorithm and by reducing the 
number of interrupts to one percarrier it was possible to 
implement the firing circuit with frequency ratios as high as 
192 and carrier around 2 KHz. To get maximum possible CPU time 
for closed loop operation all interrupt servive subroutines were 
optimised as much as possible. The hardware and software 
involved is discussed in detail in the following sections. The 

i 

block diagram is shown in fig. 3.1. 

3.2 HARDWARE REALISATION 

3.2,1. Width Generation with One Interrupt 

It is possible to reduce the number of interrupts to one, 
by doing the comparison, with a hardware comparator, as shown 
in figs 3,2 and 3.3. An 8 bit UP/DN counter output was fed to 
the input A of the comparator and an 8 bit port was connected 
to the B input (Note that the monostable is required to satisfy 
some conditions of 74191 during mode change, see also the 
circuit diagram Appendix A). 

The comparator pin A< B inverted gives the required 
output. Thus by loading a word at B proportional to t^, a width 
t^ can be generated. The carrier period T^ can be changed by 
charging the clock to the counter. For 3 ph outputs 3 
comparators and 3 ports are needed. The falling edge of the 
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UP/DN output is used to generate interrupts. The interrupt 
service routine first outputs the widths (proportional to t^) 
calculated in the previous cycle and then calculates new widths 
for next carrier cycle. Even though one carrier cycle delay 
is involved, it is negligible compared to the motor time constant. 

3.2.2 Adoption of Hardware for Optimal PWM 

To implement optimal PWM strategy, with all the advantages 
of reduced CPU time, suitable modifications were made in the 
hardware. It can be seen from figs 3.4 and 3,5 that, a status 
information of 3 phases from 0 to 30° interval is sufficient to 
generate the complete 3 phase wave. Hence an information of 
widths ¥q, ^2 and and the status of phases stored for a 

complete cycle is sufficient to generate a complete wave. 
Similarly, in this way, the change over to square wave is simple 
because, square wave is a special case of the optimal switching. 

This technique is chosen, since it requires only one 
counter. The same updown counter is used, by keeping it always 
in down mode. This can be easily done by making preset of flip 
flop high and clear low. Now the widths are loaded into the 
counter, through a butfer, as shown in fig 3,3. The terminal 

count (t ) is used as an interrupt to the pp, so that it loads 

0 

the next width. An AND-OR- INVERT (AOI) gate is used to select 
either an interrupt on terminal count or interrupt on carrier. 
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The mode change can be controlled by using bit set reset 
feature of port C of 8255 I/O port. 

To output the status of each phase* the same ports are 
again utilized, with either 00 or FF loaded. When we load 00, 
the output A <1 b is high. But when FF is loaded, notches are 
introduced at a point when counter becomes FF (Feature of 7485). 
To overcome this problem, a gate at the LSB bit of counter 
output is used to force it always low, so that input A to the 
comparator does not become FF and the notches are eliminated. 

Thus with a little increase in the hardware, it has been 
made possible to implement a complex PWM multimode strategy in 
8085 processor, 

3.2.3 Variable Frequency Clock 

To change the output frequency, the clock to the counter 
has to be changed. A digitally controlled clock was obtained 
by dividing a 50 MHz crystal clock, with a 12 bit counter. A 
high value of crystal frequency is necessary to generate 
smallest possible steps in frequency. 

For asynchronous SPWM the carrier frequency remains 
constant, where as the Frcq. word for synchronous SPWM has to 
be calculated for a change in frequency, using the following 
equation. 
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Frtefq.word=FW 


50 X 10^ 
512 X n X f 


(3.1) 


Where n No of samples/ cycle, f output frequency. 

For optimal PWM 

I 50 X 10^ 

FW = ~ 25 ' S"x" ’'' i ' 2 X f " correction due to delay 

in loading (3.2) 

Division by 12 comes due to tho fact that 30^ interval 
is stored as a look up table. A correction has to be applied 
to tho frequency word, because after tho interrupt comes, there 
is some delay due to processing, till the width is loaded into 
the counter. With the present software it was found to be 24 
p sec. The correction is calculatod as follows. 


Correction 


d^lav in u sec, x No. of interrupts in 30° 
256 X crystal’ clock period in' p soc 


24 X 3 

256 X 0.02 


= 14 


For different number of interrupts the correction is 
found and applied to F'w in those ranges. 

The division of 12 bits was sufficient because tho 
frequency word ranged from 50 to 840. Two 74191 and one 74197 
were cascaded, 74197 has a clocking frequency of 50 MHz, henc^a 
it was put at LSB. Since 74197 is only a UP counter, the 
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compliment of actual number is loaded, in it. After the 
terminal count, the number is reloaded into the counter. The 
monostable was necessary to maintain minimum load pulse width 
required for 74191. An 8255 port A and port B upper were used 
to latch the number. 

3.2.4 Turn on Delay in the Output 

The fact that turn off of a power transistor is much 
slower than the turn on, requires a delay to be given for the 
turning on of a transistor in a leg of the inverter. This delay 
was provided by using monostables, with required delay incor- 
porated by suitable values of R and C. The waveforms are shown 
in figure 3,6. Any on giving transistor is delayed by a time 
A T. 

Other hardware includes, a control line which will force 
all the outputs to zero is provided which can be used for start/ 
stop and in fault conditio ns. (See Appendix A). Three control 
facilities are incorporated, one is a control line from the 
microcomputer, one switch for user control and a fault line. 

Any one of them going low will disable the output, 

3 . 3 SOFTWARE 

As mentioned earlier, the interrupt service rountines 
(ISS) are most frequently executed, so as to save maximum possible 




FIglJ TURN ON DELAY 



32 


CPU time for closed loop and other functions, an efficient ISS 
is a must. The CPU gives highest priority to ISS. Next comes 
the mode changing and then the remaining time is utilized for 
user interaction. When the interrupt comes, present mode is 
found out and routine jumps to that mods. 

3.3.1 The flow c'harts and' their explaination, for each mode 
is given here. The assembly language programs with list file 
is given in appendix B. 

I) Synchronous SPWM (MODE l) : 


The expression for pulse width is given by 


W = 0.5 N [ ^ Sin 0+ l] for 0 4 ^ < 1 (3.4) 

^SM 


where is the ratio of output voltage to maximum output 

voltage . 

Therefore proportional to (fix 3.2) is 


= 0.5 (N - W) 


V, 


0.25N [ 1 - ^ Sin 6 ] 
'^SM 


(3.5) 


With N = 512, M Modulation index 8 bit resolution 
0 =s: Sin 0 with 7 bit magnitude and 1 bit sign. 


= 0.25 X 512 [127 x 255 - M. 0 ] x ^ 

, , 32385 - M. 0 

^ ( 3 . 6 ; 
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This approximation givos an error of 3 at = FF. When 
= CXD, there is no error present. To even out this error 
1^5 X 256 = 384 is added to 32385 


w - 32769 - M. 0 _ 8001H - M. 0 

“ 256 ” OlOOH 

The flow chart for mode 0 is given in figure 3.7. 


II) Asynchronous SPWM (MODE 0) j 

In asynchronous SPWM, tho carrier frequency remains 
constant. The change in output frequency is brought by chang- 
ing the number of carrier cycles per sample. Here with 192 
samples of sine values stored, at 0,5 Hz there are 20 carriers 
per sample and at 5 Hz there are 2 carriers per sample. 

f 

This was implGm^nted in software, A word Y is calcula- 
ted as 


Y 


f X 512 
c 

f X n 


(3.8) 


f = carrier freq. f = output freq. n = no of samples/ cycle , 

It indicates number of carriers per sample x 512. For 

a given output frequency, for every pulse width generated, a 

number 512 is subtracted. The remaining value of Y if less than 

1 

512, the pointers are updated and Y is added to the difference. 
This process is indicated in the flow chart fig 3.8. 
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This process introduces an error in the frequency, which 
can bta as large as one carrier per cycle. This error is 
maximum at hight-st values of frequency in ASPWM mode. Near 
5.5 Hz, the number of carriers per cycle is 349. Therefore the 
maximum error will be 0.014 Hz. 

III) Synchronous SP'/VM 2 (MODE 2)i 

This mode is the same as mode 1 with a freq ratio of 
96, hence the phase pointers are updated twice, thus utilizing 
every alternate sample of sine table. This mode noeds slight 
modification, to facilitate mode changing. From synchronous 
SPWM, the mode can charge to optimal, hence suitable changes were 
made which are indicated in the flow chart (fig 3.9). 

IV) Optimal PWM (MODE 3)i 

The optimal PWM was implemented, by storing the widths 
in a look up table, with a voltage jump of 0.39^- The LSB 
address of the look up table is formed by the modulation index. 
The MSB address is decided depending upon the instant at which 
the cycle is. For one complete cycle, for the given optimal 
switching with 3 switching per quarter cycle, there are 48 
status of the 3 phases. These were also stored in a table. 

For a given instant, the status of each phase was read and 
appropriate words either 00 or FF were loaded in the ports. 



39 


Nearer to 50 Hz, the number of switchings were gradually 
decreased, this is done by checking if the width is zero 
Cfig 3,10). If it is zero, the next status number was taken. 

Thus in square wave only 12 out of 43 status are outputted per 
cycle . 

3.3.2 Frequency Resolution Improvement 

The scheme as it is, would give poor frequency resolution, 
especially nearer 10 Hz and 20 Hz in synchronous SPWM and at 
higher values of frequencies in optimal. The reason being, at 
these values, step change in clock is too large. 

The output frequency will always be higher than the 
specified frequency due to round off errors in FVV calculation. 

To overcome this difficulty, following schemes have been 
implemented. 

In synchronous SPVW, the contents of the UP/DN counter 

are altered, so that carrier period increases in proportion to 

the correction needed in the frequency. 

No. to be loaded _ Counter value at _ Correction per 

in the counter the time of loading ^ carrier 

or 

Nj^ = N^ - C (3.9) 

N_ can be found out by knowing the time delay in loading 

u 

the counter after the interrupt has come. This delay, with the 
present ISS is 32 p sec. 
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Therefore it can be easily seen that the equation for 
“this case becomes 


Nc = 


1600 


(3.10) 


The correction can be calculated as follows 


( 4 - -i- ) 

^ f fl^^ 
li X clock periO( 


(3.11) 


Where f is the frequency without any correction. Using 
equation 3.1, and substituting appropriate values of n, the 
expression 3.9 simplifies to 
For SPWM 1 


\ = 


1600 

FW 


r 508.6 - f X FW T ^ 512 

L f J X 


(3.12) 


Similarly for SPWM 2 


1600 

FW 


1017.3 - f X FW n 

- j X 


(3.13) 


The corrections take place in every carrier cycle. At 
10 Hz, a minimum of 192 p sec (clock = 1 MHz), change can be 
brought about in one cycle of output. This gives the frequency 
resolution of 0.019 Hz. Similarly in SPWM 2 at 20 Hz resolution 
is 0.038 Hz. 
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In optimal PWM, width (see fig 3.5) is corrected 
once in each cycle. A lower frequency than the command 
frequency is generated by incrementing FW. Now the correction 
can be subtracted from so as to increase the frequency to 
the required value. This procedure is necessary, because 
equals FF in square wave region. 

With similar arguments, the expression in this case 

becomes 


V' ’ - w r -16340 -h f X FW T 3060 

1 “ '"l L f J FW' 

At 100 Hz, with a clock of 3,25 p, sec, 
works out to be 0.032 Hz. 


(3.14) 

the resolution 


3.3.3 Look up Tables 

I) Sine table : 

Sine values were stored in sign magnitude form, with 7 
bits magnitude and the MSB sign bit. 192 samples for one 
complete cycle were stored in a reverse order as shown in 
fig. 3,11, This reduces comparison times, since the pointers 
are decremented and are checked whether they are zero or not. 
Three phase pointers were initialized to 40, 80, CO for phases 
C, B and A respoctivyly. 

II) Optimal switching table : 

For 3 switchings per quarter cycle, widths Wq to were 
stored with 0,39 voltage jump ie 256 steps in O to 50 Hz range. 




Fig 3.11 SINE TABIE 
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But since the optimal PWM starts only after 19.5 Hz, the earlier 
switchings need not be stored. The widths can be found from 
the following relations. 


a 

a “2 " “l 
a 

a 30 ^ - 

Widths were stored with 8 bit resolution. Nearer to 
50 Hz, the number of switchings were gradually reduced, 
ultimately making it a square wave, at 50 Hz, The ISS takes 
160 n sec, therefore widths smaller than this value were 
eliminated, by reducing number of switchings. The switching 
angles are indicated in table 4.1. 

Ill) Voltage frequency table : 

A simple voltage to freq. law, which takes into account 
the stator resistance of the motor is given by 


W. 


w. 


w. 


w. 


where 


V 


«ldc + K 


'*ldc 



Ij, Rated current 

fj^ Base frequency 

Rated voltage 
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Substituting the various quantities. 

V = R 6.67 X 2.5 + (220 - 6.67 x 2.5) 

= 16.67 + 4.06. f 

This was stored in 256 steps, with 8 bits resolution. 

From the frequency command, the required voltage is found from 
this table* 

3,3.4 Optimization of CPU Time 

All possible techniques were used to optimize the CPU 
time so that the possibility of doing close loop calculations 
becomes a reality, in a 8 bit CPU. Following are some of the 
main points. 

1. Memory mapped ports reduce comparison times while 
outputting widths to appropriate ports, since the outputting 
can be done using register addressing. 

2. The multiplication if written in its normal way, needs 
48 clock cycles per bit of multiplier. But if written in 
expanded form (see appendix B) needs 34 clock cycles. Thus it 
was possible to reduce the multiplication time by 33^, with 
little increase in memory requirement. This is the main factor, 
which has made this firing circuit feasible, in 8085. 
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3. Sine table was stored in reverse order (fig. 3.11) which 
will reduce comparison times. Also complete cycle stored 
reduces software overheads. 

4. In this scheme only width t^ is needed to be calculated, 

which reduces calculation times, unlike in other schemes where 

both t , and t have to be calculated, 
d w 

5, Ihe addresses of ISS routines were chosen such that 
the logic is simplified. Similarly the addresses of various 
quantities to be stored in RAM were chosen carefully. 

6, Those routines which decide the accuracy of the output 
signal have been optimised to large extent and all possible 
manipulations have been transferred to other routines. 

3.3.5 Mode Changing 

The mode changing should occur at appropriate instants. 
If the frequency lies on the border of two modes, then with 
small changes in frequency unnecessarily many mode changes 
would occurs. To avoid this difficulty a schmittriger type 
characteristic with . over lap of 1 Hz was implemented as 
shown in figure 3.12. 

I 

All the parameters of a particular mode were changed, 
only after disabling the interrupt. - 





F<9 3.1I mode changing 
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I) Mode changing het-wsen Mode 0 and Mode 1‘ 

While mode is being changed from mode 0 .to mode 1, the 
flag F (fig 3.8) is checked and wherever it is 1» mode change 
is effected so that charge occurs only at next sample. 

Frequency word and mode number are also changed. 

I 

To change from mode 1 to mode 0, value of Y is calculated 
and loaded. The frequency word is also changed. 


II) Mode changing between Mode 1 and Mode 2 : 

Mode change from mode 1 to mode 2 takes place with 
change in frequency word and making the phase pointers even. 


Mode change from Mod ^ 2 to mode 1 takes place without 


any change except frequency word. 


Ill) Mode changing between Mode 2 and Mode 3 j 

To change from Mode 2 to Mode 3 flag F (fig 3.9) is 
monitored. It is 1 for the duration any phase pointer is at CO 


or 60. The phase number indicates the phase which is at CO or 


60. The MSB bit of phase number if 1, indicates it is at 60. 

The following table stored in memory gives the status number 
for optimal PWM. The change occurs at the end of any 60^interval. 
Phase number MSB Bit of Ph No . Status Number 


0 (ph A) 

0 (ph A) 

1 (ph B) 

1 (ph B) 

2 (ph C) 
2 (ph C) 


0 

1 

0 

1 

0 

1 


OOH 

18H 

lOH 

28H 

20H 

OSH 
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Also tha PCq line is made high, so as to make the 
counter in down mode, with interrupt on terminal count. 

While changing the mode from 3 to 2, the phase pointers 
have to be determined depending on the status number. The 
following table gives the corresponding phase pointers. 

Status No . Phase pointers 



ph A 

ph B 

ph C 

00 

CO 

80 

40 

18 

60 

20 

AO 

10 

40 

CO 

80 

28 

AO 

60 

20 

20 

80 

40 

CO 

08 

20 

AO 

60 


Thu mode changing occurs only at the end of any 60 
interval . 

3.3.6 Initialization and User Interaction 

After having attended to the essential needs of the 
firing circuit, the rest of the CPU time can be utilized for 
user interaction. Here a facility to choose any desired 
frequency and mode in an interactive . was given. The 
indication of existing mode, freq and percentage modulation was 
provided. An error message, if the freq goes toohigh or the 
jump is too high is given. The flow chart for this routine 

is shown in figure 3.l3. 








ri® Hi BACHGROUND ROUTINE 
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3.4 FEATURES AND PERFORMANCE 

The firing circuit thus implemented has a frequency 
range from 0.5 Hz to lOO Hz. The frequency resolution is better 
than 0.038, throughout this range. The voltage step is less 
than 0.5^. The angle resolution in optimal PWM is 0.12*^. In 
SPWM, the delay in the response (of freq) equals one carrier 
cycle or maximum of l m sec. In ASPWM it is as high as 10 mSec 
at 0.5 Hz. In optimal PWM, the charge takes place at every 30° 
thus introducing a max delay of 4,25 m sec at 19.5 Hz. In SPWM, 
the widths are generated with one interrupt only, hence errors 
due to ISS delays are not present in the output widths. 

It is possible to implement the closed loop control 
functions in the same CPU. For this purpose the worst case 
CPU time availability is given in the following table. 

Mode Frequency Max ISS execution Average CIW time 
Hz time (p. sec) available(p sac) 

per m sec. 


5.5 

480 

420 

o 

« 

360 

275 

20.5 

380 

250 

43 

160 

685 

100 

270 

675 


3 



3.4.1 Further Improvements 


The frequency resolution in SPWM can be easily increased 
by correcting the counter in say alternate carrier cycles or 
after every 4 carrier cycles etc. Thus frequency resolution 
can bo easily improved to a largo extent in SPWM, 




CHAPTER 4 


SIMULATION OF PWM WAVEFORMS 

4 . 1 INTRODUCTION 

Simulation of PWM waveforms is reported keeping in view 
two points, (l) To study harmonic contents of different 
strategies and verify the experimental results. (2) To modify 
the switching instants in the optimal PWM so as to make it 
suitable for microcomputer implementation. 

The method of simulation as proposed by S.R. Bowes and 
R.R, Clements [14] has been adopted. It readily provides a 
modelling technique for PWM waveforms such as natural SPWM, 
regular SPWM, optimal PWM etc. Single as well as three- phases 
can be simulated for determining harmonic components and content 
using this modelling technique. 

4.2 COMPUTER SIMULATION OF PWM SYSTEMS 

The most general pulsed periodic waveform can be 
represented as 

n 

y(0)= H(0)- H(0-a^) } + E y^ £ H(0 “ « j ^ 

3=2 

+ y^ { H(0 - a^)-H(0 - 2 ti ) 1 for 0^0 2% 

and y(0) = y (0 mod 2%) 0<O 2% 
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Where H(0) is the heaviside unit function. The waveforms have 

n switching points a_ a between each pair of which 

the waveform has a fixed constant level, represented by y^>y 2 

respectively. Such a waveform can be represented by 2n+l 
parameters, the number of switching points n, and two vectors 
of a and y. 

4.2.1 Regular Sampled PWM 

The equation for the pulse width (in radiams) for a 
single phase PWM waveform (fig. 4.1) with a frequency ratio 
R and modulation index M is given by 

= -D C 1 ^ Sin (2j -!)•§} where j=l,2, — R. 

W ft n. 

Transition from - 1 to + 1 occurs at (sec fig 4.1) 

“2j-l = - 1) I - 5^ 

= (2j-l) I - -Ir { 1 M Sin (2j-l) f } 

= 2R ^ ^ (2j-l) J 1 

Similarly transition from -i-l to -1 occurs at 

“2j t2j-l) f ^ { 1+ M Sin (2j-l) f 5 

= { ij-l+M (2j-l) » ) 






no 4 I 
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And the levels are given by 



The switching instants and levels thus found are stored 
as vectors which are then further processed. 

4.2.2 Asynchronous SPWM Waveforms 

To get asynchronous SPWM waveform, first the regular 
PWM waveform of required frequency ratio and modulation index 
is generated. According to the number of carrier cycles 
involved in one sample that many multiple pulses are generated 
and then the complete cycle is adjusted within 2u. 

4.2.3 Optimal PWM Waveform 

The optimum switching instants are directly fed through 

the keyboard. Due to quarter wave symmetry only instants up to 
u/2 are to be fed. The complete waveform up to 2 % is then 
generated by simple differencing. 

The square wave is only a special case of optimised PWM 
and can be studied by feeding appropriate switching instants. 

4.3 PROCESSING OF WAVEFORM 

After having generated the PWM waveform it is necessary 
to process it so as to generate a 3 phase waveform, in addition, 
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to incorporate the various practical limitations of switching 
components. 

The conversion to 3 phase is done, by generation and 
another phase with 120° phase difference. Then the differencing 
is done to get the actual line voltages. A two level single 
phase waveform gives rise to a 3 level 3 phase waveform. Any 
other practical considerations could be incorporated, such as 
the quantization errors involved in the microcomputer implement- 
ation, 

4.4 HARMONIC ANALYSIS 

The model obtained in section 4 .2 can be easily employed 
for harmonic analysis, in which the frequency domain analysis 
is carried out. The maximum number of harmonics of interest 
can be studied. Also the summation of individual components 
can be done to get an over all harmonic content of the waveform. 

The Fourier breakdown of one of the component pulses of 
a period is given by 

H (0 - - H (0 - Cj) = 

m 

+ 2 ^ t(Sin ma^- Sin ma. . )Cos m0-(Cos ma.-Cos ma. .) 

m-jt, j u j j- 

masl 


sin m 0 1 
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Which yields the Fourier coefficients as follows. 


‘m = "fc t y^( Sin ma 


[ y-(Cos 


n 


^ - sin ma^)+ S y^(Sin ma.-Sin ma- .)] 
J=2 


n 


m mji '• "^ 1 “ ^ y^(Cos ma.-Cos ma- .)] 

3=2 ^ 


From which the Fourier coefficients of the harmonic 
series is found. Which helps calculating the amplitudes of all 
the harmonics. The total harmonic contents in the current 
waveform of the simulated wave, by specifying the required load 
can be found. 


4.5 HESULTS AND DISCUSSION 

To simplify the comparison of results the term percentage 
modulation has been used. 1005^ modulation corresponds to 
square wave output or = 4/%. For a modulation index of 1 in 
SPVWW or = 1 in optimal the percentage modulation is 78,5. 

The y axis of the graphs indicates the amplitude in rms per unit 
of dc link voltage. 

Figs 4.2 (a) to (g) show the harmonic spectra of 
synchronous SPWM, with frequency ratios of 48, 96 and 192. In 
all these the prominent harmonic is the carrier wave. A 
comparison of spectrum for a particular frequency ratio and for 
different modulation indices show that with a reduction in the 
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modulation index the amplitude of the carrier increases. Fig. 

4.3 (a) to (g) indicate the spectrum for 3 phase SP\vM waveforms. 
The carrier in all these waveforms is absent because it is a 
multiple of 3, Fig. 4.4 (a) and (b) show asynchronous SPWM with 
two carriers per sample for percentage modulation of 70.7 and 
5.54 respectively. At 5.54 modulation, the harmonic s near the 
carri<.‘r become insignificant.. 

Figs 4.5 and 4,6 show the harmonic content of an optimal 
PViiM waveform with different modulations for single-phase and three 
phase respectively. In the three phase, the triplen harmonics 
are absent. 

To make the microcomputer implementation feasible in the 
frequency range of 43 Hz to 50 Hz. The number of switchings 
Were gradually reduced. An attempt is made to maintain linear 
variation of fundamental within permissible limits of + 5 5^ . 

Fig 4.7 shows the extreme limits of amplitude variation with 
either ~ 90® or a 2 = a3. Using these as guide lines proper 
switching instants are found out by trial and error method. 
Modifieo switching angles are given in Table 4.1. The harmonic 
content over this frequency range is also obtained. Fig. 4.8 
shows the comparison of harmonic currents for global minima, 
local minima and reduced number of switchings. 
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To obtain the total harmonic current, for a given RL 
load, the harmonic components are summed. The variation of the 
total harmonic content, and the fundamental current, with the 
output frequency are illustrated in 4.9, The harmonic content 
in SPVuM is low. In optimal, the harmonic content is high, but 
gradually reduces with frequency. In the frequency range of 
42 to 48, the increase in the harmonic content, results because 
of the reduced number of switchings. The fundamental current 
how./Vwr increases gradually from the low frequency to 50 Hz as 
V/f is maintained constant. After 50 Hz, there is a slight 
dtocreasu in it, because of the effect of reactance with increase 
in froquwncy. 
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Table 4,1 Modified Switching 



“l 

1.10 

8.4^ 

1 . 125 


1.15 

2.7 

1 . 175 

15.7 

1.15 

18.0 

1.20 

13.0 

1,225 

10.0 

1.25 

7.0 

1.261 

5.5 

1.265 

3.0 

1.273 

0.0 


“2 

«3 

79.15° 

82.45° 

87.3 

90° 

87.3 

90° 

90.0 

90 

90.0 

90 

90.0 

90- 

90,0 

90.0 

90.0 

90.0 

' 90,0 

90.0 

90.0 

90.0 

90.0 

90.0 
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chapter 5 

transistor inverter and experimental results 

5.1 SELECTION OF DEVICE AND DESIGN OF INVERTER 

A power dorlingtun MJ10009 was chosen for designing the 

invertuAr. It's intornal - u - 

details arv, shown in fig. 5.1. It 

has maximum current and vnitar^c i.- 

.t, ana voltage rating of 20A and 500 volts 

ruspjctivoly. Because of darlington construction, it has low 
base drive requirements. The speed up diode helps faster turn 
off. A fast recovery rectifier between collector and emitter 
eliminates the necessicity of using external diode, in inverter 
applications. 

5.1,2 Snvbbtir Circuit Design 

A safe operating area (sOA) is specified for a power 
transistor. The operating point of the transistor should lie 
within this area. If the transistor is reverse biased for 
faster turn off, then reverse bias safe operating area should 
be taken into account while designing the snubber circuit 
(fig 5,3). 

A stray inductance (L^) is invariably present in the 
circuits. This inductance produces an over shoot in the 
collector voltage, when the transistor turns off, as shown by 
dotted lines in fig. 5.4, As a result the operating point aoes 
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out of RBSOA. A snubber circuit if used will restrict the 
operating point within the RbsOA. Fig 5.3 shows a snubber 
circuit, and the resulting voltage and current waveforms are as 
in fig 5,4. The zener clamps the collector voltage within a 
safe value. The RC snubber with diode D, diverts the collector 
current from the transistor. In this process the capacitor 

g-^ts charged, which gets discharged, when the transistor is 
turned on. 

The value of snubber capacitor is given by [l7]. 


For V 2 = 400 volts, 3^ = 20 Amps and t^ = 1.6 p sec. 

The value of C turns out to be 0.08 pF. A capacitor of 0.1 pF 
was actually used. 

The value of r depvsnds upon the minimum on time of the 
transistor, within which the cspacitor has to discharge 
completely. For a on time of 10 p sec, the value of R turns 
out to be 100 Q . 


The power loss in the resistor is given by 


P = 0.5 . C X 


With f___ of 2000 Hz, the power loss in the resistor is 16 watts. 

11*0 X 




Fig 5.5 DRIVER CtRCUIT 
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5.1.3 Turn On 

In comparison to the turn off, a transistor has a faster 
turn on. When a transistor turns on, the reverse recovery 
current of free wheeling diode produces an overshoot in collector 
current. A fast recovery diode is usually recommended here. 

5.1.4 Base Drive 

MJ 10009, being a darlington transistor, has reasonably 
high hp£. The drives circuit was designed for a collector 
current of 10 Amps. At this current, the minimum hp^ is 40. 

The driver stage was designed to give 450 mA drive, using 
SLIOO fig 5.5. It gives an overdrive factor of 2. With the 
overdriving of base, the operation of transistor in transient 
condition is reliable and also it reduces steady state losses, 
due to reduction • The capacitors across collector 

rf sistors of drive transistor improves the switching. 

When the transistor has to be turned off, the base is ’ 
reverse biased, using SKlOO. This helps in reducing turn off 
time of the transistor, by removing the stored charge. The 
base current waveform during turn off is shown in fig 5,4. 

5.1.5 Single Phase Inverter 

A single phase inverter was built and tested using the 
snubber and driver circuits discussed earlier. The circuit 




Fig 5.8 TRANSISTOR INVERTER 
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diagram of this inverter is shown in fig 5.6. When any one 
of the transistor is turned off a delay has to be provided 
before the other is turned on, to allow the first one turn off 
properly. A delay of 10 ^ sec was provided in this case. 

5.2 RESULTS AND DISCUSSION 

The waveforms generated using the modulator were analyzed 
using a signal analyzer. A comparison of experimental and 
simulated results of harmonic spectra are given in fig 5.7 and 
5,8, Both single phase and three {shase waveforms were analyzed. 
The experimental results are in good agreement with the predicted 
ones. The slight differences in the amplitudes of the harmonics 
can be attributed to quantization errors, round off errors. 

Also the waveforms analyzed had been incorporated with a delay 
of 10 sec as explained in section 3.2,4, Fig 5.9 shows some 
oscillograms of the experimental results. 

A single phase induction motor was run, using the 
invertor designed in earlier section. The speed torque 
characteristic is given in fig 5.10. It needs some explains tion. 
The motor could not bo loaded properly. Therefore only the 
input power at the dc link was measured and the torque was 
calculated (over all system efficiency 0,76). The dc link 
current has a higher value in optimal region due to large 
number of harmonics present. Therefore the calculated torque 
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had this error, and therefore the abnormality in the speed 
torque characteristic. Due to lack of time no further 
axpurimentation could be done, 

5.3 CONCLUSION 

From chapter 3, it can be concluded that with slight 
increase in the hardware, it is possible to implement a complex 
multimode strategy on a slower CPU like 8085, Also some definite 
CPU time is available for the close loop function. 
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APPENDIX A 
CIRCUIT DIAGRAM 

All the hardware required except the CPU and RAM 
was put an one PCB, The CPU and the RAM was used from the 
intelligent terminal developed in the department. The PCB 
made directly fits into the edge connector for the processor 
bus. The layout of the PCB was done using three layer method 
and according to CEDT standards [2(3. 
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APPENDIX C 



OPTIMAL 

SWITCHING INSTANTS 

Modulation 

i 3 phase for half-bridge 

( two levels 

Switching 

numbers in 11/2 

: 3, 


First interval voltage : 

negative 



“1 

2 

«3 

0.0 

0,00 

60.00 

90.0 

0.1 

0.62 

61.31 

88.89 

0.2 

1.29 

62.63 

87.79 

0.3 

1.60 

63.00 

85.86 

0.4 

2.75 

65.38 

85.71 

0.5 

3.53 

66.82 

84.73 

0.6 

4.34 

68.32 

83.81 

0.7 

5.17 

69.91 

82.97 

p.8 

6.01 

71.65 

82.27 

0.9 

6.86 

73.60 

81.78 

1.0 

7.66 

75.92 

81.67 

1.05 

8.03 

77.34 

81.88 

1.10 

8.37 

79.05 

82.38 

1.15 

8.64 

81.29 

83.43 

1.20 

6.45 

17.06 

21.00 

1.25 

3.39 

7.75 

10.43 

1.27 

1.19 

2.52 

3.65 
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appendix d 

CONSTRUCTION OF OPTICAL TACHOMETER 

A disc with 720 lines was mounted on the motor shaft. 
The signal from the interrupter module was processed using 
FET input op amp. Both the rising and falling edge of the 
output was used to generate one pulse each. Thus getting 
1440 pulses per rpm. The circuit diagram of the processing 
stage is given hero. 




